14 15 16 Mosquitoes spread pathogenic arboviruses while themselves tolerate infection. We here 17 characterize an immunity pathway providing long-term antiviral protection and define 18 how this pathway discriminates between self and non-self. Mosquitoes use viral RNAs 19 to create viral derived cDNAs (vDNAs) central to the antiviral response. vDNA molecules 20 are acquired through a process of reverse-transcription and recombination directed by 21 endogenous retrotransposons. These vDNAs are thought to integrate in the host 22 genome as endogenous viral elements (EVEs). Sequencing of pre-integrated vDNA 23 revealed that the acquisition process exquisitely distinguishes viral from host RNA, 24 providing one layer of self-nonself discrimination. Importantly, we show EVE-derived 25 piRNAs have antiviral activity and are loaded onto Piwi4 to inhibit virus replication. In a 26 second layer of self-non-self discrimination, Piwi4 preferentially loads EVE-derived 27 piRNAs, discriminating against transposon-targeting piRNAs. Our findings define a 28 fundamental virus-specific immunity pathway in mosquitoes that uses EVEs as a potent 29 and specific antiviral transgenerational mechanism.
their first position ( Figure 3B ), a signature of Piwi-bound piRNAs. In contrast, Piwi4 did not significantly associate with v-siRNAs (Z score for 21 nt sense and antisense v-siRNAs 175 enrichment -0.2 and -0.6 respectively) nor TE-derived piRNAs ( Figure 3C ).
176
To further validate that Piwi4 preferentially bound to antisense v-piRNAs, we performed three Figure 5A ). In addition to 221 sequences derived from the circular mitochondrial genome (1% of total reads), we found that 222 our preparations contained a significant enrichment of reads mapping to transposons (10-22% 223 of total reads). Transposon sequences came almost exclusively from retrotransposons, as 224 expected due to a cytoplasmic step in their replication cycle. LTR-retrotransposons (Ty1, Ty3 225 and Pao Bel) were the most abundant sub-class observed ( Figure 5B ). Importantly, we also 226 observed a significant number of reads in the circular DNA enriched fraction mapping 227 throughout most of the SINV genome ( Figure 5D , i). Given that Aag2 cells are persistently 228 infected with the insect-specific flavivirus, cell fusing agent virus (CFAV) [29] , we reasoned that 229 the circular DNA preparation should also contain vDNA derived from the CFAV genome.
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Indeed, we observed a large number of reads mapping uniformly throughout the CFAV 231 genome ( Figure 5D , ii).
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Recombination of a retrotransposon transcript with a foreign RNA molecule during the 234 cytoplasmic stage of replication can occur during reverse-transcription by a copy-choice 
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Furthermore, mapping of hybrid reads from the most prevalent recombinants (SINV-Ty3/gypsy 241 Element73) showed little recombination bias, nearly covering uniformly the entire SINV 242 genome ( Figure 5F , i and ii), which suggests that recombination is not driven by sequence 
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Next, we examined whether vDNA synthesis and recombination with transposon elements can 248 discriminate between self (host) and nonself (viral) RNAs. Only a small fraction of known 249 expressed Aag2 mRNAs were found to have derived sequences in the episomal DNAs reads 250 (~7.5% of known expressed mRNAs; 1093 out of 14612). Furthermore, there was no 251 correlation between mRNA and episomal DNA abundance (R = 0.0045, Figure 5G and Figure   252 5supplement E). We detected no reads derived from the top 54 most abundant mRNAs, 253 which account for 32% of all transcripts, and found no correlation between mRNA length and 254 their enrichment in episomal DNA (R = 0.0786, Figure 5H ). Indeed, the number of SINV vDNA 255 reads was higher than for the most abundant host mRNA-derived episomal DNA (586 and 256 256 reads, for SINV and Aag2 transcript AAEL006357 respectively). Our results indicate that 257 reverse transcription and recombination with retrotransposons is a highly specific mechanism, 258 which preferentially converts viral RNA into vDNA. Together, these data suggest a model in 259 which vDNA is acquired by the specific incorporation of viral RNA into retrotransposon replication complexes, followed by reverse transcription and recombination between the 261 transposon and virus genome.
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Genomic analysis of Aag2 cells reveals independent acquisition of EVEs
264
If indeed reverse transcription and recombination are followed by integration into the host 265 genome, this process could provide mosquitoes with a mechanism of immunological memory. 
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Piwi4 binds specifically to antiviral piRNAs produced from EVEs
298
To test if EVEs are used to produce functional antiviral piRNAs, we analyzed EVE-derived 299 small RNAs produced in Aag2 cells. The vast majority of small RNAs mapping to EVEs are 24-300 30 nt in length (>95%) and are almost exclusively antisense relative to the pseudo-ORF 301 (>99%) ( Fig. 6C, i) . Furthermore, EVE-derived piRNAs showed a strong bias for uracil at the 
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Thus, the length, methylation, and sequence bias indicate that small RNAs derived from EVEs 306 are bona fide piRNAs and their production require Piwi4 and Ago3. Because Piwi4 specifically 307 binds to antisense v-piRNAs produced during acute infection ( Figure 3A and C), we examined 308 whether Piwi4 also preferentially associates with antisense piRNAs during persistent infection.
309
Analysis of the new, highly contiguous, Aag2 genome assembly revealed that the existence of 
358
We next tested whether EVE-derived piRNAs can protect from virus infection. We first inserted 359 two EVE sequences (derived from Wutai mosquito virus and CFAV) in the 3'UTR of SINV 360 genome ( Figure 7B ). Infection of Aag2 cells with these viruses showed that insertion of EVE 361 sequences in the sense orientation reduces virus replication 10 to 100 folds relative to the 362 antisense EVE control viruses ( Figure 7B , p<0.05 one-tail Wilcoxon rank sum test). We note 363 that, while piRNAs that target the viral genome significantly decreased virus replication, it did 364 not completely inhibit virus production. It is possible that the interaction of the EVE/piRNA 365 system with the virus replication machinery may facilitate the establishment of a host-virus 366 equilibrium typical of persistent infections. To test this hypothesis, we first determined the 367 effect of Piwi4 knockdown on CFAV persistent infection and observed a significant increase in 368 viral genome copy number ( Figure 7C, p<0.001) . Given that Piwi4 knockdown appears to 369 affect both siRNA and piRNA production ( Figure 2C and D) , we sought to further examine the 370 antiviral effect specific to piRNAs. To this end, we also performed Ago3 knockdown, which 371 inhibit the production of piRNAs without significantly affecting siRNA levels ( Figure 2C 
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Ovaries, midguts and carcasses were dissected at 0, 4, 7, 10 and 14 dpi and collected in 100μl Luciferase assays. Cells were soaked in dsRNA for the indicated period of time using the 580 dsRNA soaking method above. Prior to transfection, cells were washed 3X with dPBS, and then analyses were carried out as described [47] . More than 50% comes from the genome ( 
